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Abstract—Fatigue properties of orthotropic steel bridge deck of Xinghai Bay Cross-sea Bridge in Dalian were
analyzed. The segment model of orthotropic bridge deck was established by using the finite element software
Abaqus. The intersection between diaphragm and U-rib was selected to analysis. The fatigue loading model 11T
was adopted which was provided by “Specifications for Design of Highway Steel Bridge”. First, the transverse
stress influence line and the transverse severest loading position were determined. Then, five loading regions
were selected near the transverse severest position. The stress amplitude of the intersection was ascertained
through loading on the longitudinal bridge for each region. Finally, the fatigue checking for the intersection was
carried out. The results showed that the maximum fatigue stress amplitude of orthotropic deck in Xinghai Bay

Cross-sea Bridge met the requirements of "Specifications for Design of Highway Steel Bridge".
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1. INTRODUCTION

The orthotropic steel bridge deck, which is composed of the bridge cover plate, perpendicular
longitudinal ribs and transverse ribs, mainly resists the wheel load. According to the traditional
analytical approach on three-structure system, it is divided into the main girder system, the deck
slab system and the cover plate system. Orthotropic steel deck was first applied to rebuild Kurpfalz
Bridge, which was about 33.3% less steel than the original structure. By virtue of its better
economy, it had been widely applied to various types of bridges in the following decades".
However, the research and application of orthotropic steel bridge deck were very late in China, and
the Yellow River Railway Bridge in Tongguan which was built in June 1970 is the first bridge with
orthotropic steel bridge®™). In recent years, different degrees of fatigue damage had been observed
in bridges using orthotropic steel deck. It is because of increasing traffic load and poor construction
quality. Ji Bohai used the thermal-structure directly coupling method to analyze the residual stress
of the weld connecting the roof and U-rib in steel bridge deck!®. Chuang Cui and others used the
extrapolation method recommended by International Institute of Welding (ITW) to calculate the hot-
spot stress spectrum of the key vulnerable part based on hot spot stress method, thus to evaluating
the fatigue life "', Chunsheng Wang pointed out that there were 3 kinds of failure modes in the
connection between longitudinal rib and deck: the weld toe failure of longitudinal rib, the weld toe
failure of bridge deck and the failure of weld throat from weld root ®. Petershagen proposed
general hot spot stress method for shell structure ). Dong proved that the stress results of the toe
position in the two-dimensional structure are insensitive to the mesh which are based on the
structural mechanics principle and use the finite element method"®. Based on the stress
extrapolation method recommended by the International Institute of Welding, Maddox reassessed
several groups of fatigue tests and validates the N-S curves "', Samol Ya evaluated the fatigue life
of the weld connecting the roof and longitudinal rib separately under the 80% penetration ratio and
fusion penetration . Through the investigation of fatigue cracking in steel deck slab, the fatigue
parts of orthotropic steel bridge deck included that!", (1) the weld connecting the roof and U-rib,
(2) the weld connecting the diaphragm and U-rib (3) the slotted part of the diaphragm[m’ 11 In this
paper, the fatigue stress amplitudes of the above positions were calculated and the fatigue intensity

checking to each detail part were carried out.
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2. PROJECT OVERVIEW

The main bridge of Dalian Xinghai Bay cross-sea bridge is three-span earth-anchor suspension
bridge. Concrete gravity anchors are set at both sides. The stiffening girder is double-deck rigid
truss structure. The main span is 460m in length, whereas the two end spans are 180m. The width
between the two main cables is 25.2m. The radius crest vertical curve of the bridge is 13500m with

[16-18]

longitudinal slope 1.5% , as shown in Fig. 1. The bridge is a double-deck bridge due to lots of

traffic. The upper deck consists of four lanes and two sidewalks, and the lower deck consists of four
lanes. The upper deck lanes are for vehicles driving from east to west, and the lower deck is for
vehicles driving from west to east, as shown in Fig. 2.

In this paper, the upper orthotropic steel deck plate is selected as the research object. The bridge
deck is made of Q345qE steel. The orthotropic steel plate forms the bridge deck, which is 21.26m
width. The bridge deck thickness is 16 mm, and the U-rib thickness is 8 mm. The longitudinal beam
height varies from 664 mm to 784 mm, and the distance between longitudinal beams is 2620 mm.
The diaphragm plate height is 596 mm, and the distance between diaphragm plates is 2500 mm as
shown in Fig. 3. The stringers adopt 14mm thick steel plate. The bridge deck is fitted with 55mm
thick double-layer epoxy asphalt, as shown in Fig. 4

Fig. 1 The layout drawing of main bridge (m)
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3. FINITE ELEMENT CALCULATION

3.1. FINITE ELEMENT MODEL

The three-dimensional shell model is established using the general finite element software Abaqus.

The model is 13.8m long, which includes 5 diaphragms and 15 U-ribs. The model is 10.63m wide,

which is half width of the bridge deck. The elastic modulus of steel is 206Gpa and the Poisson ratio

is 0.3. Global mesh size is 100mm and local refinement mesh size is 30mm, as shown in Fig.5 and

Fig.6. The total number of elements is 209,877. According to the Saint-Venant's principle, the

boundary conditions of the model is not significant for distant load. So symmetrical boundary

condition is set at the plane of mid-span, and fixed supports and simple supports are set under

longitudinal beams and diaphragms, as shown in Fig.7.

Fig.6 Refinement mesh

Fig.5 Global mesh
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"se direction

transve

Fig.7 Plane Boundary conditions (mm)
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3.2. CALCULATION LOAD

According to “Specifications for Design of Highway Steel Bridge” (JTG D64-2015) '), the fatigue
checking of bridge deck system is based on fatigue load calculation model III. There are four axles
on the vehicle, and each axle weight is 120KN. The distance between the axles are 1.2m and 6m.
The distance between wheels is 2m. The wheel contact area is 600mm>200mm. The axle load and
distribution is shown in Fig. 8. The influence range of vehicle local load is rather limited which base
on research results of Lewei Tong and others™™® !\, The simplified load model is that a single wheel
loads on the local subdivided area of the finite element model. The pavement layer is S5mm thick
and the axle load expands by 45°, so the final load area is 710mmx=310mm. The single wheel

weighs is 60kN, thus the wheel pressure is 0.2726Mpa.

120kN 120kN 120kN 120kN

11.21 6.0 11.21

b. plane

Fig. 8 Fatigue load calculation model IIT (m)
3.3. SELECTION OF THE LOCATION OF CONSTRUCTION DETAILS

There are many key fatigue points for orthotropic steel deck that need to inspect. Since space is
limited, only point A is selected. Point A is located at the intersection between the third diaphragm

and the U3. It is on the left side of the U3 in the local subdivided area, as shown in Fig. 9.

W W W WY

Point A

a. elevation
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Fig. 9 Fatigue point A location

3.4. LOADING CONDITION

The fatigue details of orthotropic plates are not sensitive to lane load, but only sensitive to wheel

load. The effective influence surface of fatigue details has a narrow range and a wide range of

changes, thus the fatigue details are very sensitive to the transverse position of wheel load too.

When the fatigue stress of orthotropic steel bridge deck is calculated by the above vehicle load

model according to specifications, the probability of the transverse position of the wheel on the lane

should be taken into account according to the Fig. 10", There are five loading regions and each

loading region is 0.1m wide in transverse direction. The probabilities of loading region for wheel

loading are 0.5, 0.18, 0.07. The loading region 1 should be located at the transverse severest loading

position. According to “Specifications for Design of Highway Steel Bridge”, the influence surface

should be gotten. However, it is difficult to calculate.
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Fig. 10 The probability of transverse position of wheel loading

This paper presents a method to calculate the stress amplitude of the detail by calculating the
influence line. First, the transverse stress influence line and transverse severest loading position of
each detail are gotten by using the self-programmed Abaqus subroutine DLOAD. Next, the stress
amplitude of each detail is achieved by loading on five selected regions near transverse severest
loading position with DLOAD. At last, the fatigue strength checking is carried out for each detail
part. The wheel load moves from Ul rib to the U4 rib. The distance between U1 rib and U4 rib is
1.8m, as shown in Fig. 11. In order to obtain the transverse severest loading position, the wheel load
respectively moves along the third diaphragm and the middle of the second and third diaphragms,

which are replaced by Case I and Case II below.

Y
‘ Load moving direction v

Wl W W W WY
X=0 X=1.8

‘7 subdivided mesh area ‘

a. elevation
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b. plane
Fig. 11 Transverse loading
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4. RESULT AND DISCUSSION

4.1. THE TRANSVERSE STRESS INFLUENCE LINE OF POINT A

Same thing as above, the stress influence line of the point A is obtained as shown in Fig. 12. When

loading on diaphragm, the peak value of transverse normal stress is 4.27MPa at 1.1m. Moreover,

the peak value of longitudinal normal stress is 4.5MPa at 0.65m. When loading on the middle of

diaphragms, the peak transverse normal stress is 12.85MPa at 0.85m. In addition, the peak

longitudinal normal stress is 12.85MPa at 0.85m. The longitudinal normal stress of U-rib is

concerned for this kind of detail. Therefore, the transverse severest position appears at 0.65m.



www.czasopisma.pan.pl P@N www.journals.pan.pl

336 W.LL S. QIN, H. WANG
—=— Transverse normal stress —a— Transverse normal stress
5.0 - Longitudinal normal stress 15.0 Longitudinal normal stress
4.6 12.6¢
4.0 f”‘\ 10.0F
@A 7.5F
T zg F 50r
£ s a2.5f
g 2o Y oo.0f
g £ sl
Lor w .
0.5p -5.0F /
(SN e R “T.&[ .
-0 B¢ -10.0¢
-L0 . * . * * * * * * -12.5 . . * * * * * * *
00 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 L8 0.0 0.2 0.4 0.6 0.8 1.0 1.2 L4 1.6 1.8
Moving distance (m) Moving distance (m)
(a) Case | (b) Case I

Fig. 12 The transverse normal stress influence line of point A

4.2 THE LONGITUDINAL STRESS INFLUENCE LINE OF POINT A

The transverse severest loading position of point A is shown in Fig. 13, which corresponds to the
loading region 1. The loading region 2 and region 3 of point A are that the region 1 offsets
transversely 0.1m to both sides. The loading region 4 and region 5 are that the region 1 offsets
transversely 0.2m to both sides. The longitudinal movement of a single wheel load is realized by
using the self-programmed Abaqus subroutine DLOAD too. Therefore, the longitudinal influence

line is obtained.

M
WY W W[y

Mesh encryption area

Fig. 13 The transverse severest loading position of point A

Similarly taking the position of the point A as the origin of coordinate, the longitudinal normal
stress influence line of each loading region is shown in Fig. 14. The main influence range of wheel
load on the point A is +2.5m, which is the distance between adjacent diaphragms. The longitudinal
stress influence line of this detail varies greatly with the loading region. The peak positions are that
at +1.5m for the loading region 1, at +1.0m for the loading region 2, at +1.5m for the loading region

3, at £0.75m for the loading region 4 and at +£1.75m for the loading region 5.
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5. FATIGUE CHECKING OF POINT A

According to “Specifications for Design of Highway Steel Bridge” (JTG D64-2015), the fatigue

checking should be carried out by using the following formula,

(5.1) yuhor,, < KA
"
(5.2) Aoy, = (1+A¢)73[0.507 +0.1803 +0.1803 +0.070; +0.07]
(5.3) O =0 s — Opins (1= 1,2,3,4,5)
(5.4 YENY2 Vs Vesand Y S Y,

Where, yp, is the fatigue loading partial coefficient, which is 1.0. y,, is the fatigue resistance partial
coefficient, which is 1.15. k; is the dimensional effect reduction coefficient, which is 1.0 in this paper.
Ao, is the equivalent constant stress amplitude, which is obtained by 2.0x10° times constant amplitude
fatigue cycle conversion. Ao, is the fatigue detail category, which is the fatigue stress intensity
corresponding to 2.0x10° times constant amplitude fatigue cycle. A is the amplification coefficient, which
is 0. 7 is the damage equivalent coefficient. y, is the damage effect coefficient, which is 2.55. 7, is the
traffic flow coefficient, which is 0.66. 5 is the designed life influence coefficient, which is 1.0. y, is the

multilane effect coefficient, which is 1.0, 7. is 2.5.

The stress amplitudes of point A is calculated in Table 1, and the equivalent constant stress

amplitude meets the requirement.

Table 1. Stress amplitude of Point A (MPa)

Stress amplitude

Fatigue detail Aoy, Ao, Checking result
, w, w, w, s

Point A 4.92 4.62 4.79 443 3.67 7.98 70 Satistied
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6. CONCLUSION

In this paper, the fatigue stress analysis of orthotropic steel bridge deck in Xinghai Bay Cross-sea

Bridge is carried out based on the finite element method, and the fatigue performance of the bridge

deck is checked. Conclusions are as follows.

1) The stress of point A is obtained by calculating the influence line, which avoids calculating the
influence surface. In addition, the fatigue intensity checking of point A is carried out.

2) The maximum fatigue stress amplitude of point A at orthotropic bridge deck in Xinghai Bay
Cross-sea Bridge is 7.98MPa, which meets the requirements of “Specifications for Design of

Highway Steel Bridge”.

ACKNOWLEDGEMENTS

This work is supported by the Liaoning Provincial Doctoral Scientific Foundation Projects (20170520138)
and the Liaoning Provincial Natural Science Foundation Guidance Projects (2019-ZD-0006).

REFERENCES

[1] Troitsky MS. Orthotropic Bridges - Theory and Design. 2nd Edition[M]. Cleveland, OH United States: James F.
Lincoln Arc Welding Foundation, 1987.

[2] Enshi J, Runping M, Qiang Z. Contrastive Analysis of Anti-fatigue Design of Orthotropic Steel Bridge Deck for
Highway Bridges in AASHTO and Eurocode 3[J]. World Bridges. 2013, 41(2):31-34.

[3] Xi-biao T. Analysis of Structure Load Bearing Condition of Orthotropic Steel Plate Deck of a bridge[J]. World
Bridges. 2015, 43(1):32-37.

[4] Feng Y-c. Fatigue Behavior Research of Orthotropic Steel Bridge Deck[D]: Chang’an Univ, 2009.

[5] Xinxin Z, Xiaoguang L, Yuling Z. New Advance of Design Parameter and Structure Details of Orthotropic Deck[J].
Steel Construction. 2010, 25(136):1-7.

[6] Bohai J, Kunkun L, Zhonggqiu F. Analysis of Welding Residual Stress of Trough-Deck Plate Weld Joint in Steel
Bridge Decks[J]. Journal of Jiangnan University (Education Sciences). 2015:197-201.

[7] Chuang C, Yi-zhi B, Qing-hua Z. Fatigue Life Assessment of Orthotropic Steel Deck Plate Based on Hot Spot
Stress Method[J]. Bridge Construction. 2014, 44(4):62-67.

[8] Chunsheng W, Yacheng F. Review of fatigue Research for Orthotropic Steel Bridge Decks[J]. Steel Construction.
2009, 9:10-13.

[9] Petershagen H, Fricke W, Massel T. Application of the Local Approach to the Fatigue Strength Assessment of
Welded Structures in Ships[C]. Assembly of International Institute of Welding,Hamburg,Germany: International
Institute of Welding, 1991.

[10] Dong P. A structural stress definition and numerical implementation for fatigue analysis of welded joints[J].
International Journal of Fatigue. 2001, 23(10):865-876.

[11] Maddox SJ. Recommended Hot-spot Stress Design S—N Curves for Fatigue Assessment of FPSOs[C]. The
Eleventh International Offshore and Polar Engineering Conference,Stavanger, Norway: The International Society of
Offshore and Polar Engineers, 2001.



www.czasopisma.pan.pl P@N www.journals.pan.pl

340 W.LL S. QIN, H. WANG

[12] Ya S, Yamada K, Shikawa T. Fatigue Evaluation of Rib-to-Deck Welded Joints of Orthotropic Steel Bridge
Deck[J]. Journal of Bridge Engineering. 2011, 16(4):492-499.

[13] Fan-chao M, Quan-ke S, Yi-zhi B. Optimized Design of Anti-fatigue for Orthotropic Steel Bridge Deck[J].
HIGHWAY. 2014, 10:1-6.

[14] Eurocode 3: Design of steel structures - Part 1-9: Fatigue. The European Union Per Regulation
305/2011; 2005.

[15] Feng X. 3-D finite element analysis of and orthotropic deck system[D]. Bethlehem, Pennsylvania: Lehigh
University, 1996.

[16] Hui Z. Model Design and Experimental Research On Dalian Xinghai Bay Bridge[D]: Dalian University of
Technology, 2013.

[17] Yong-gang T, Liang C, Zhe Z. Overall Design of Main Bridge of Xinghai Bay Sea-Crossing Bridge in Dalian[J].
World Bridges. 2015, 43(2):6-10.

[18] Xueqing T. Study on Static and Dynamic Characteristics of Main Pylon of Xinghai Bay Bridge[D]: Dalian
University of Technology, 2012.

[19] Specifications for Design of Highway Steel Bridge, JTG D64. Beijing; 2015.

[20] Lewei T, Zuyan S. Fatigue Tests of Orthotropic Steel Bridge Decks with Open-Shaped Longitudinal Ribs[J].
China Journal of Highway and Transport. 1997, 10(3):62-68.

[21] Lewei T, Zuyan S. Fatigue Assessment of Orthotropic Steel Bridge Decks[J]. China Civil Engineering Journal.
2000, 33(3):16-21+70.

LIST OF FIGURES AND TABLES:

Fig. 1 The layout drawing of main bridge (m)

Fig. 2 Bridge cross section (cm)

Fig. 3 Bridge deck (mm)

Fig. 4 Orthotropic deck detail

Fig.5 Global mesh

Fig.6 Refinement mesh

Fig.7 Plane Boundary conditions (mm)

Fig. 8 Fatigue load calculation model III (m)

Fig. 9 Fatigue point A location

Fig. 10 The probability of transverse position of wheel loading
Fig. 11 Transverse loading

Fig. 12 The transverse normal stress influence line of point A
Fig. 13 The transverse severest loading position of point A

Fig. 14 The longitudinal normal stress influence line of point A for each loading region

Table 1. Stress amplitude of Point A (MPa)

Received 29.09.2019, Revised 18.02.2020



